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Abstract 
Spatial knowledge is fundamental for the autonomy and the improvement of quality of life for individuals with blindness. 
Multisensory applications that integrate tactile and audio stimuli can provide to individuals with blindness valuable information 
associated with the structure and the content of space. Low cost haptic devices can significantly contribute in this direction. The 
present study examines the spatial knowledge that individuals with blindness may build by studying an audio-haptic map of a 
multisensory application, through the use of the low cost haptic device Novint Falcon. Ten adults with blindness (totally blind or 
only light perception) took part in the research. The age ranged from 19 years to 46 years. Participants managed to build 
significant spatial knowledge using the multisensory application. More specifically, rich cognitive maps were observed. The 
results reveal the usefulness of similar applications for individuals with blindness. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of organizing committee of the 6th International Conference on Software Development and 
Technologies for Enhancing Accessibility and Fighting Info-exclusion (DSAI 2015). 
Keywords: individuals with blindness; spatial knowledge; cognitive maps; multisensory application; low-cost haptic device 
1. Introduction 
Maps constitute a significant orientation and mobility aid supporting the absolute and relative localization of 
streets and buildings as well as the estimation of directions and distances between two points1. Vision plays a chief 
role in comprehending the spatial structure of an environment2 and as such, individuals with blindness seem to face 
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difficulties in the acquisition of concepts relevant to spatial relationships3. Nevertheless, it has been argued that even 
individuals who are congenitally blind are able to form mental representations based mainly on tactile and acoustic 
stimuli4,5. 
These mental representations, stored in the long-term memory are called cognitive maps and determine the 
behavior of individuals with blindness in a space6. More specifically, cognitive maps are symbolic structures which 
reflect spatial knowledge and lead individuals with blindness take crucial decisions, related to where to move to, 
how to move and which path to follow7. However, all information available on the cognitive maps of an individual 
with blindness is in dynamic relation with the individual’s experience and they together contribute to planning and 
decision making related to movement in space8. 
According to Warren3, the conceptualization of the environment depends mainly on three interrelated types of 
experiences which are visual, acoustic, and tactile (combined with motor activities). Researches have revealed that 
blindness adversely affects the development of spatial skills for individuals with blindness9. In addition, age for the 
onset of blindness was proved determinant for mental representation and spatial skills in general10. Consequently, 
individuals with blindness, in order to form their own cognitive maps, compensate the lack of vision by gathering 
experiences for space through other senses. Touch and hearing are the main senses through which individuals with 
blindness acquire knowledge about the structure and the content of an environment11,12.  
In contemporary times, experiences are reinforced by assistive technology which plays a fundamental role in 
education and everyday life of individuals with blindness13,14. Assistive technology has recently shown great strides 
in the field of non-visual access to information for individuals with blindness15. Apart from the widespread screen 
readers who are a practical solution for access to electronic texts and information content on the screen of a personal 
computer, particular interest lies in the capabilities of haptic devices (touch tablets, Logitech Wingman force-
feedback mouse, Novint Falcon, Sensable Phantom, etc.) and the representation of information that relates to spatial 
knowledge. More specifically, haptic devices, in recent years, are widely used by individuals with blindness in order 
to improve access to the structure and the content of two-dimensional and three-dimensional representations16. Their 
function is based on forces, vibrations and motions addressed to the user of the device, in order to realize surfaces, 
shapes and textures17. However, haptic devices differ in various parameters such as size, design, technical 
characteristics, cost and quality of feedback they can produce16. Through haptic devices, individuals with blindness 
can receive through appropriate multisensory applications tactile and auditory information and form spatial 
knowledge18. More specifically, individuals with blindness can use haptic feedback devices either independently or 
in conjunction with audio information in order to gain access to information representing objects, images, graphs and 
maps15,19,20,21. Research data reveal that coexistence and adaptation of auditory and tactile information has been 
proved significant to the success of an application for spatial knowledge with respect to the satisfaction of 
individuals with blindness1. 
The study of how people build spatial knowledge through multisensory applications can contribute significantly 
to the improvement and redesign of similar approaches in the future6. In this effort, a variety of haptic devices is 
used and it should not be taken for granted that expensive devices are always capable to deliver the best results. 
Often, low-cost devices derived from the field of three-dimensional virtual gaming, such as Novint Falcon, may 
offer an abundance of information related to the structure and the content of spatial knowledge16. A key element of 
using haptic devices in conjunction with multisensory applications for individuals with blindness should also be the 
fact that applications need to be designed in such a way so as to meet the requirements of a variety of haptic devices 
and offer users the opportunity to choose a haptic device based on their personal preferences rather than the 
manufacturers’ ones16. 
Technical details also seem to be a fundamental factor for the success of an application for individuals with 
blindness, as users seem to show preference in the technique of grooves rather than the one of raised lines when it 
comes to the representation of streets in a virtual environment referring to a map22. Additionally, different colors 
displaying information on the maps of sighted are often asked by individuals with blindness to be replaced with 
different textures in corresponding virtual environments17. Moreover, friction is considered as a useful technical 
element for the points of interest on a map, where audio and tactile stimuli are received simultaneously by 
individuals with blindness19. Mason & Manduchi17 tried to integrate such technical details, through the use of Novint 
Falcon haptic device, by designing an application for the haptic representation of a four-way intersection, while they 
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proposed for the future the implementation of a map with multiple intersections and other useful points of interest, so 
as to be cognitively examined. 
However, the study of spatial knowledge seems to be a complex process, especially considering that cognitive 
maps are dynamic entities which continuously change and evolve6. The evaluation of spatial knowledge for 
individuals with blindness uses techniques divided into route-based techniques and configurational techniques23. The 
former examine parameters of spatial knowledge with respect to the relation between two different points of 
reference and how these two are connected, while the latter investigate parameters with respect to the relative 
location of all elements in a specific space. Consequently, configurational techniques constitute the highest level of 
evaluation for spatial knowledge, since the connections between the relative location for points of reference require 
coding, processing and recalling multiple parameters consisting of position, distance, direction, orientation, and 
angle as well as their composition into a single entity24. A widely used technique for examining configurational 
knowledge is reconstruction tasks, where individuals with blindness are asked to build a haptic model7. However, 
Kitchin & Jacobson23 revealed a highly interesting dimension of evaluation techniques for spatial knowledge, 
indicating that the restrictions each evaluative process sets as well as the skills of individuals with blindness related 
to the performance of knowledge7 may induce specific cognitive results25. 
In the present study, the reconstruction technique was used to examine the cognitive maps of individuals with 
blindness formed after the participants had studied for this purpose a multisensory application referring to a map, 
through the use of the Novint Falcon haptic device. 
2. Study 
The aim of the present research was to examine the spatial knowledge structured after an individual with visual 
impairments had studied an audio-haptic map. This map was provided through a multimodal application and was 
studied with the use of a low cost haptic device, the Novint Falcon. Specifically, the present research has been 
designed to examine the cognitive maps of individuals with blindness, when these result after the navigation in an 
audio-haptic map with the use of a haptic device. 
2.1. Participants 
Ten adults with blindness (totally blind or only light perception) took part in the research. The sample consisted 
of 7 males and 3 females. The age ranged from 19 years to 46 years (M = 33.70, SD = 7.931). An essential criterion 
to include a participant in the study was not to have a hearing impairment or other disabilities, apart from visual 
impairments. The visual impairment was congenital for 2 participants and acquired for the rest 8 participants – in 2 
out of these 8 participants vision loss occurred before the age of 6 years, while in the rest 6 participants vision loss 
occurred after the age of 15. With respect to their level of education, 6 participants were university graduates, 3 were 
university students, and 1 had graduated from high school. 
Nine out of 10 participants use the computer for more than 20 hours a week and 1 participant uses the computer 
10 hours a week approximately. Moreover, the participants were asked to indicate the main reading media which 
they used (i.e., Braille, Text-to-Speech systems, recorded material). All participants used Text-to-Speech systems as 
the basic reading medium. 
As far as their Orientation and Mobility (O&M) training is concerned, 9 participants stated that they have 
participated in O&M training sessions, while 1 participant has never been trained in O&M. The training for 8 out of 
those 9 participants endured from 2 to 40 hours in total, and just 1 participant has been trained in O&M for 300 
hours. Moreover, 3 participants declared that they have “never” read tactile graphics or maps, 6 participants that 
they “rarely” have read tactile graphics and 1 participant that he has read “sometimes” tactile graphics. None of the 
participants had ever used and audio-haptic map. 
The participants were asked to state the way they daily move in outdoor places, by choosing one of the following: 
a) with the assistance of a sighted guide, b) sometimes myself and sometimes with the assistance of a sighted guide, 
and c) myself, without any assistance. Moreover, the participants were asked to indicate the frequency of their 
independent movement using a 5-point Likert scale: always, usually, sometimes, seldom, or never. According to 
their answers, 8 participants move without the assistance of a sighted guide and 2 participants sometimes with 
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assistance, sometimes all by themselves. However, just 1 participant stated that he “always” move independently, 
while 8 participants move “usually” all by themselves and 1 participant sometimes. 
2.2. Instruments/Materials 
The haptic device used for the experiment was Novint Falcon (Fig. 1). The device stems from the field of 3D 
virtual gaming, but its low cost16,26 makes the device appropriate as a practical solution for educational and research 
purposes. The device has three degrees of freedom (3 DOF) and is widely used as a supporting device for virtual 
environments27. 
Novint Falcon consists of a “base”, a “body” and three “arms” which lead to a grip having the shape of a small 
sphere. The grip can move in three dimensions: up - down, left - right and front – back. On the surface of the 
spherical grip there are four buttons. For the needs of the experiment only the central circular button was used. 
 
 
Fig. 1. Novint Falcon haptic device (http://www.novint.com). 
A multisensory application was created. The application represented a virtual urban environment with streets, 
intersections and points of interest (bank, post, column, tree, etc.) consisting an imaginary map. Some of the points 
of interest appeared on the map more than once. The architecture of the application as shown in Figure 2 used the 
capabilities of the H3D Application Programming Interface (H3DAPI) pertinent to the graphic and the haptic 
rendering of the imaginary map. The graphic rendering was set up using X3D technology, while Python 
programming language was used for the haptic interaction with the Novint Falcon. Audio messages for the names of 
the streets, the intersections and the points of interest were constructed using TextAloud software. 
 
 
Fig. 2. The architecture of the multisensory application. 
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The multisensory application consisted of two different maps. The first one (familiarization map) referred to a 
simple imaginary map that was provided in order to familiarize them with the application and mainly with the haptic 
device. The second (test map) referred to another imaginary map which was more complex than the familiarization 
one. The test map consisted of 19 streets, 14 intersections and 6 points of interest and was used for the evaluation of 
the multisensory application (Fig. 3). 
 
 
Fig. 3. Test map. 
The research instrument consisted of the Novint Falcon haptic device connected to a personal computer where 
the multisensory application was loaded.  The multisensory application allowed the selection of a map 
(familiarization or test) followed by the calibration of Novint Falcon and automatically the spherical grip could only 
move across the streets of the map. More specifically, movement could only be done in two dimensions: up - down 
and left – right as the third dimension was used for the streets which were technically implemented as grooves22. 
Consequently, the third dimension (front - back) was locked, in a way that the participants could perceive the map as 
if it was hung on a wall. 
Whenever the grip was moved and a point of interest of the map was reached, an audio message was heard 
announcing its type (e.g. HOME). When an intersection of the map was reached, a distinctive sound (BEEP) was 
heard informing for the potentiality of a direction change. Moreover, the research instrument offered the opportunity 
to press the central circular button of the grip and listen to the name of the street they were on (e.g. Chiou Street). 
Audio messages were supplemented as well with a higher level of friction on the move of the grip for points of 
interest and intersections. 
2.3. Procedures 
Each participant was examined alone in a quiet room. Initially, the researcher explained in detail the procedure to 
be followed. The procedure included three phases for each participant: “Familiarization” phase, “Test” phase and 
“Creating a haptic model of the map” phase. 
For the familiarization phase, the participant sat comfortably in a chair in front of a table. The research 
instrument was placed on the table with the haptic device precisely in front of the participant. Initially, the 
participant received instructions about the haptic device and its operation, followed by instructions about the 
multisensory application. The familiarization map was loaded on the application and the participant was given 10 
minutes to navigate in the map in order to familiarize with the haptic device, get to know how the application works 
and discover techniques that would help him/her build spatial knowledge. Spatial knowledge should consist of 
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streets, intersections and points of interest of the map as well as their relevant position. None of these three types of 
data were asked to be notified by the participant at the end of this phase. 
For the second phase of the experiment (test phase), the test map was loaded on the application and the 
participant was given additional instructions referring to the information to be requested in the third phase. 
Specifically, the participant was informed that at the end of the test phase the researcher would ask him/her to create 
a haptic model of the map. The haptic model should include streets, intersections and points of interest of the test 
map placed on the correct position. Moreover, the participant was informed that the test map was different and more 
complex than the familiarization one. For the test phase the participant had at his/her disposal a maximum time of 30 
minutes, but he/she could stop the navigation earlier if he/she considered that he/she had gathered all data required 
in order to create a precise haptic model of the map. If that had been the case, duration of the test phase was noted 
by the researcher and test phase was over. 
At the beginning of the third phase, the participant was given all the appropriate material (maquette paper, pipe 
wires and thumbtacks) and was asked to create with as much greater precision as he/she could a haptic model of the 
test map. On the maquette paper there was a delimitation of the area in which the participant could add spatial 
elements of the map (streets, intersections and points of interest). The delimitation was strictly proportional to the 
actual dimensions of the test map. At the base of the maquette paper there was an A4 page in order to help the 
researcher imprint on paper the map created by the participant and make all the necessary measurements at the end 
of this phase. The participant was given as much time as he/she needed to recall the cognitive map he/she had 
formed in his/her mind during the test phase and create the haptic model. He/she should include in the haptic model 
streets, intersections, points of interest and also take into account their relative positions. He/she should also mention 
to the researcher the names of the streets and the type of the points of interest (HOME, TREE, etc.) included on 
his/her haptic model. When the participant completed the task, the duration of this phase was noted by the 
researcher. Then, the researcher imprinted the haptic model created by the participant on an A4 page placed at the 
base of the maquette paper. At this time, the participant had the opportunity to explore an accurate and correct haptic 
model in order to get full information about the precise structure of the test map. 
For the evaluation of the participants’ performance streets, intersections and points of interest were measured on 
the basis of the A4 pages imprinted from the participants’ haptic models. 
Streets were measured in reference to number, name and position. The researcher counted the number of streets 
(S_Found) that each participant indicated on his/her haptic model. A number of streets’ error (S_Error) was also 
measured based on the sum of the number of streets that each participant failed to indicate and the number of streets 
indicated in addition to the actual ones. In reference to name, the researcher counted the names of the streets 
(S_Found_Names) that each participant indicated on his/her haptic model and were actual names of the test map. A 
name of streets’ error (S_Error_Names) was also measured based on the sum of the names that each participant 
failed to indicate and the names that he/she indicated but were not actual names of the test map. In reference to 
position, the researcher counted the positions of those streets that each participant indicated correctly on his/her 
haptic model. The position of a street was considered as relatively correct (S_Pos_Relevant) when the topology on 
the haptic model (based on intersections) was respected. Additionally, it was considered as exactly correct 
(S_Pos_Exact) when it was relatively correct and simultaneously the measure fulfilled the following criteria: street 
position was on a shorter distance than a quarter of the street length from intersection to intersection. Two extra 
measures referring to the position were also taken counting streets that were relatively in correct position while the 
participant had identified their actual name correctly as well (S_Pos_Relevant&Name) and exactly in correct 
position while the participant had identified their actual name correctly as well (S_Pos_Exact&Name). 
Intersections were measured in reference to number and position. The researcher counted the number of 
intersections (I_Found) that each participant indicated on his/her haptic model. A number of intersections’ error 
(I_Error) was also measured based on the number of intersections that each participant either failed to indicate or 
indicated in addition to the actual ones. In reference to position, the researcher counted the positions of those 
intersections that each participant indicated correctly on his/her haptic model. The position of an intersection was 
considered as relatively correct (I_Pos_Relevant) when the topology on the haptic model was respected (meaning 
that the intersection joined streets that actually existed on the map). An extra measure referring to position was also 
taken, counting intersections that were relatively in correct position and simultaneously the participant had identified 
the actual names of the streets correctly for that specific intersection (I _Pos_Relevant&Name). 
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Lastly, points of interest were measured in reference to number, names and position. The researcher counted the 
number of points of interest (PI_Found) that each participant indicated on his/her haptic model. An error for the 
number of points of interest (PI_Error) was also measured based on the sum of the number of points of interest that 
each participant failed to indicate and the number of points of interest indicated in addition to the actual ones. In 
reference to name, the researcher counted the names of points of interest (PI_Found_Names) that each participant 
indicated on his/her haptic model and were actual names of the test map. An error for the names of points of interest 
(PI_Error_Names) was also measured based on the sum of the names that each participant failed to indicate and the 
names that he/she indicated but were not actual names of the test map. In reference to position, the researcher 
counted the positions of those points of interest that each participant indicated correctly on his/her haptic model. The 
position of a point of interest was considered as relatively correct (PI_Pos_Relevant) when the point of interest was 
set on the correct street based on the topology of the haptic model. Additionally, it was considered as exactly correct 
(PI_Pos_Exact) when it was relatively correct and simultaneously the measure fulfilled the following criteria: point 
of interest position was on a shorter distance than a quarter of the street length from intersection to intersection. Two 
extra measures referring to the position were also taken counting points of interest that were relatively 
(PI_Pos_Relevant&Name) and exactly (PI_Pos_Exact&Name) in correct position, while the participant had 
identified their actual name correctly as well. 
3. Results 
The mean reading time of audio-haptic map was 23.98 (SD = 7.13) minutes (minimum = 10 min and maximum = 
30 min). Moreover, the mean time of haptic model creation was 9.23 (SD = 3.44) minutes (minimum = 3.10 min 
and maximum = 14.15min). 
Test scores were calculated for the participants in relation to number, name and position of streets, intersections 
and points of interest measured from the haptic models created. Initially, the scores of the following 20 variables 
(see Procedure section) were calculated: 1) number of streets (S_Found), 2) number of streets’ error (S_Error), 3) 
names of the streets (S_Found_Names), 4) name of streets error (S_Error_Names), 5) relatively correct positioning 
of streets (S_Pos_Relevant), 6) exactly correct positioning of streets (S_Pos_Exact), 7) relatively correct positioning 
of streets and correct naming (S_Pos_ Relevant&Name), 8) exactly correct positioning of streets and correct naming 
(S_Pos_Exact&Name), 9) number of intersections (I_Found), 10) number of intersections’ error (I_Error), 11) 
relatively correct positioning of intersections (I_Pos_Relevant), 12) relatively correct intersections positioning and 
correct actual names (I _Pos_Relevant&Name), 13) number of points of interest (PI_Found), 14) number of errors 
for the points of interest (PI_Error), 15) names of points of interest (PI_Found_Names), 16) errors regarding the 
name of points of interest (PI_Error_Names), 17) relatively correct positioning of points of interest 
(PI_Pos_Relevant), 18) exactly correct positioning of points of interest (PI_Pos_Exact), 19) relatively correct 
positioning of points of interest and correct naming (PI_Pos_Relevant&Name), and 20) exactly correct positioning 
of points of interest and correct naming (PI_Pos_Exact&Name). 
The minimum, maximum, mean, and standard deviation (SD) of scores, are presented in Table 1. Each correct or 
wrong answer was scored to 1. Concerning the number of streets and streets names, if any participant had placed all 
the streets and streets names correctly, his/her score would be equal to 19. Regarding the intersections if any 
participant had placed all the intersections correctly, his/her score would be equal to 14. Moreover, concerning the 
points of interest, if any participant had placed all the points of interest correctly, his/her score would be equal to 6. 
As far as number of elements in the haptic models is concerned the participants managed on average to include, 
compared to the test map, the correct number for 87.4% of the streets, 87.9% of the intersections and 91.7% of the 
points of interest. Concerning names of the streets and names of the points of interest the participants managed to 
include, respectively in their haptic models, actual names for 80% of the streets and 83.3% of the points of interest, 
relatively to the test map. Relative position (position based on topology) for streets, intersections and points of 
interest that the participants included in their haptic models was successful at the level of 79.5%, 85.7% and 86.7% 
respectively. Even in the measurement with the highest level of precision (exact position and correct name) the 
participants succeeded to correctly include in their haptic models 62.6% of the streets and 61.7% of the points of 
interest. Moreover, 5 (50%) participants hadn't made any mistakes in number of the streets and intersections, 
whereas 6 (60%) participants hadn't made any mistakes in number of points of interest. 
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Table 1. Minimum, maximum, mean, and standard deviation (SD), of correct and wrong answers regarding the streets, 
intersections, and points of interest. 
 Min Max Mean SD 
S_Found 8 21 17.00 3.77 
S_Error 0 11 2.40 3.50 
S_Found_Names 8 19 15.20 3.58 
S_Error_Names 0 11 3.80 3.58 
S_Pos_Relevant 4 19 15.10 4.86 
S_Pos_Exact 4 19 12.90 5.15 
S_Pos_Relevant&Name 4 19 13.70 4.86 
S_Pos_Exact &Name 4 18 11.90 5.32 
I_Found 7 15 12.50 2.59 
I_Error 0 7 1.70 2.45 
I_Pos_Relevant 7 14 12.00 2.54 
I _Pos_Relevant&Name 6 14 10.10 3.11 
PI_Found 4 6 5.50 .71 
PI_Error 0 2 .50 .71 
PI_Found_Names 3 6 5.00 .94 
PI_Error_Names 0 4 1.50 1.35 
PI_Pos_Relevant 4 6 5.20 .63 
PI_Pos_Exact 2 5 4.10 .88 
PI_Pos_Relevant&Name 3 6 4.80 .92 
PI_Pos_Exact&Name 2 5 3.70 .82 
Finally, it was investigated if there was any relation between the performance of individuals and the following 
variables: age, and age at onset of visual impairment, educational level, and use of tactile graphics. The correlation 
analysis showed significant negative correlations between age at onset of visual impairment and: a) relatively 
correct positioning of streets (r = -.671, p < .05), b) relatively correct positioning of intersections (r = -.811, p < 
.01).. 
4. Conclusions 
The results conclude that individuals with blindness managed to build significant spatial knowledge using the 
multisensory application. More specifically, rich cognitive maps related to streets, intersections and points of 
interest were observed on all three levels of measurement (number, name and position). The results are coming to 
confirm previous studies which suggest that individuals with blindness are capable to form mental representations 
for space through tactile and audio stimuli4,5. 
Hence, the potentiality of building spatial knowledge through multisensory applications which integrate tactile 
and auditory information, as well as the valuable knowledge that these applications may offer to individuals with 
blindness are both revealed18,20. In the present study, spatial knowledge gained through the use of a low-cost haptic 
device16 can be proven significant for the autonomy and the improvement of quality of life for individuals with 
blindness23 and can positively contribute to their personal and professional life in society, since in contemporary 
times those individuals are obliged to move in a complex urban environment20. 
Additionally, an escalation of the results is observed for the three levels of measurement (number, name and 
position). More specifically, number seems to show the highest scores for building spatial knowledge, while name 
and position are following. However, even the results concerning position measurements are considered as high 
ones compared to other relevant studies11. 
High negative correlations are also revealed for individuals with blindness, between the age at onset of visual 
impairments and the results referring to the relative position of streets and intersections. Those correlations 
corroborate previous studies10 which support that the age at onset of blindness is determinant to forming mental 
representations due to the development or not of compensatory mechanisms. Moreover, correlations are consistent 
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with research findings28 which refer to skills that individuals who are congenitally blind and individuals who have 
lost their sight at early age develop through multisensory experiences that include auditory information. 
The sample size seems to be a considerable limitation of the present study, especially if the multiple and various 
personal characteristics, which identify individuals with blindness, are taken into account. Furthermore, the 
evaluation of spatial knowledge was based only on one type of configurational knowledge, the reconstruction 
technique, from which all the results were emerged. However, even if neither multiple techniques nor 
complementary tests7 were used, the evaluation of the cognitive maps followed an extremely detailed record for 
three elements of the map (streets, intersections, and points of interest) and with measures in three different levels 
(number, name and position), resulting to an integrated representation of the spatial knowledge built through the 
multisensory application. 
Finally, it is worth noting that the procedure followed might simply reflect the capability to perform a test in a 
controlled procedure7, while an additional research question might be whether individuals with blindness are in 
position to use the knowledge gained, in a complex and unpredictable urban environment6, as their navigation 
requires apart from spatial knowledge, multiple orientation and mobility skills as well. 
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